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We previously provided evidence that cadherin-6B induces de-epithelialization of the neural crest prior
to delamination and is required for the overall epithelial mesenchymal transition (EMT). Furthermore,
de-epithelialization induced by cadherin-6B was found to be mediated by BMP receptor signaling
independent of BMP. We now ﬁnd that de-epithelialization is mediated by non-canonical BMP
signaling through the BMP type II receptor (BMPRII) and not by canonical Smad dependent signaling
through BMP Type I receptor. The LIM kinase/coﬁlin pathway mediates non-canonical BMPRII induced
de-epithelialization, in response to either cadherin-6B or BMP. LIMK1 induces de-epithelialization in
the neural tube and dominant negative LIMK1 decreases de-epithelialization induced by either
cadherin-6B or BMP. Coﬁlin is the major known LIMK1 target and a S3A phosphorylation deﬁcient
mutated coﬁlin inhibits de-epithelialization induced by cadherin-6B as well as LIMK1. Importantly,
LIMK1 as well as cadherin-6B can trigger ectopic delamination when co-expressed with the
competence factor SOX9, showing that this cadherin-6B stimulated signaling pathway can mediate
the full EMT in the appropriate context. These ﬁndings suggest that the de-epithelialization step of the
neural crest EMT by cadherin-6B/BMPRII involves regulation of actin dynamics via LIMK/coﬁlin.
& 2012 Elsevier Inc. All rights reserved.Introduction
The epithelial mesenchymal transition (EMT) is an important
biological process for normal embryonic development and for
pathological processes, such as the formation of the neural crest
and ﬁbrosis and tumor invasion, respectively (Yang and
Weinberg, 2008). Cadherins have essential roles in the develop-
ment of epithelial junctions and polarity and regulate the EMT in
a variety of tissues (Gumbiner, 2005). In the classical view,
epithelial cells undergoing the EMT lose cell–cell adhesion caused
by decrease of E-cadherin expression and gain motility (Yang and
Weinberg, 2008). Cadherins are linked in some way to cortical
actin to develop the polarized adherens junction (Adams et al.,
1996; Kwiatkowski et al., 2010; Perez-Moreno et al., 2003). The
regulation of cellular adherens junctions and dynamics of actin
cytoskeleton is therefore important for the EMT.ll rights reserved.
k),
ering, College of Life Science,
Youngin, Gyeonggido, 446-The EMT of the neural crest is divided into at least two steps, de-
epithelialization and delamination (Park and Gumbiner, 2010).
Cadherin-6B, a homolog of human cadherin 6, is a Type II cadherin
which is a component of cell adherens junctions (Patel et al., 2006).
Although it has been shown that loss of cadherins is often required
for the EMT (Yang and Weinberg, 2008) we have reported that
cadherin-6B expression actually promotes the neural crest EMT
(Park and Gumbiner, 2010). An alternate view, that cadherin-6B
inhibits the EMT and must be repressed by snail genes, has been
reported for cranial neural crest (Coles et al., 2007; Taneyhill et al.,
2007). However, we found that cadherin-6B is expressed in the early
migratory neural crest cells in the trunk region that have undergone
delamination as well as in the trunk premigratory neural crest cells.
In contrast, expression of N-cadherin protein is lost in the cadherin-
6B expressing neural crest. We found that cadherin-6B induces de-
epithelialization of the neural crest, which is the ﬁrst step in the
overall EMT (Park and Gumbiner, 2010), but N-cadherin inhibits the
overall EMT of the neural crest (Park and Gumbiner, 2010; Shoval
et al., 2007). Moreover, induction of de-epithelialization of the
neural crest by cadherin-6B is mediated by bone morphogenetic
protein (BMP) receptor signaling independently of BMP protein itself
(Park and Gumbiner, 2010).
BMPs are members of transforming growth factor-b (TGF-b)
family and play important roles in the development of embryos
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of wounded tissues. Signaling by TGF-b family members can be
transduced both by Smad dependent (canonical) and Smad
independent (non-canonical) pathways (Derynck and Zhang,
2003; Massague, 2008). In the canonical pathway, BMP ligand
induces a formation of heterodimer receptor complex, which is
composed of the Type I BMP receptor (BMPRI) and the Type II
BMP receptor (BMPRII). Within that complex, BMPRII activates
BMPRI through phosphorylation. The active BMPRI phosphory-
lates Smads 1/5/8, which are released from BMPRI and in a
complex with Smad4 enter nucleus in order to regulate the
transcription of BMP target genes (Shi and Massague, 2003).
In order to transduce non-canonical BMP signaling, various
proteins, such as JNK, Trb3, Src, and LIM kinase 1 interact with the
long cytoplasmic region of BMPRII (Chan et al., 2007; Foletta et al.,
2003; Lee-Hoeﬂich et al., 2004; Podkowa et al., 2010; Wong et al.,
2005). BMPRII has a unique long cytoplasmic region, which is
not present in other Type II receptor for TGFb family proteins
(Nishihara et al., 2002; Rosenzweig et al., 1995). The mediators of
non-canonical BMP signaling regulate cellular processes such as
cell growth (Wong et al., 2005), differentiation (Chan et al., 2007),
the stabilization of microtubules (Podkowa et al., 2010), and the
regulation of actin dynamics (Foletta et al., 2003; Lee-Hoeﬂich
et al., 2004). The EMT has also been shown to be regulated by
non-canonical TGFb signaling mediated by its Type II receptor
(Ozdamar et al., 2005). Direct phosphorylation of Par6 by TGFb
Type II receptor is required for TGFb dependent EMT of mammary
gland epithelial cells. Since BMP signaling mediates cadherin-6B
induced de-epithelialization, the ﬁrst step of the overall EMT of
the neural crest, we wished to determine the nature of the intracel-
lular BMP signaling pathway that mediates de-epithelialization.Materials and methods
Chicken embryos
Fertilized chicken (Gallus gallus) eggs (Charles River Labora-
tories, North Commons, CT) were incubated at 381C in a humidi-
ﬁed incubator (G.Q.F Manufacturing Co., Savannah, GA, USA).
Embryos were staged according to the number of somite pairs.Tissue preparation and immunohistochemistry
Tissue preparation and immunohistochemistry were per-
formed as described (Park and Gumbiner, 2010). The trunk
portion of ﬁxed embryos (between the levels of the front and
hind limb buds) was dissected out and sectioned serially at
12–14 mm. The collected serial sections distributed over 10 slides.
The immunohistochemistry of cryosections was carried out with
the primary antibodies against following proteins; MSX1/2
(Developmental Studies Hybridoma Bank (DSHB), 1:300), ZO-1
(Zymed, 1:500), N-cadherin (Zymed, 1:500), cadherin-6B (DSHB,
1:200), laminin (Sigma, 1:500), HNK-1 (hybridoma producing
primary monoclonal antibody supernatant from The American
Type Culture Collection, 1:50), HA (Covance, 1:500/Santa Cruze,
1:200), p-coﬁlin (Rabbit4321, gift from James Bamburg, 1:300).
The following secondary antibodies (Molecular Probes) were used
at a 1:1000 dilution: anti-mouse IgG-Alexa 546, anti-rabbit IgG-
Alexa 546, anti-rabbit IgG-Alexa 633, and anti-mouse IgM-Alexa-
546. When required, TO-PRO-3 (Molecular Probes) was used for
nucleus staining. For immunohistochemistry of phosphorylated
coﬁlin, embryos were ﬁxed with 2% paraformaldehyde for 10 min.
Images were collected using a Nikon Eclipse TE2000 confocal
microscope.Electroporation and DNA constructs
DNA constructs were prepared and electroporation was car-
ried out as described (Park and Gumbiner, 2010). Fifteen to
eighteen somite pair stage embryos were electroporated with
following cDNAs which were cloned into the pCIG vector contain-
ing IRES-nlsGFP or the vector, pCAGGS-IRES-mGFP; cadherin-6B,
glycosyl-phosphatidylinositol (GPI)-cadherin-6B (Park and
Gumbiner, 2010), BMP4, Noggin, SOX9, Smad6, full length/short
BMP Type II receptor (gift from Liliana Attisano, University of
Toronto), wildtype/dominant negative LIMK1 (gift from Ora
Bernard, St Vincent Institute of Medical Research), constitutively
active BMP Type I A/B receptor (gift from Jane E. Johnson,
University of Texas Southwestern Medical Center), wildtype/
S345A/S345E Par6 (gift from Michael D. Ehlers, Duke University
Medical Center), and wildtype/S3A coﬁlin-1-HA (gift from Ian
Macara, University of Virginia).
Western blot analysis
After electroporation of DNA constructs, the efﬁciency of electro-
poration was checked by GFP expression in the neural tube of
embryos. The trunk part of embryos (between the levels of the front
and hind limb buds) was dissected out and the neural tube was
dissected away from the surrounding tissue such as somites. After
washing the neural tube with phosphate buffered saline including
1 mM CaCl2, protease inhibitor cocktail (Roche), and a mixture of
phosphatase inhibitors (calbiochem), the dissected tissue was col-
lected in RIPA buffer including protease inhibitor cocktail and a
mixture of phosphatase inhibitors. The tissue and solution were
drawn in and out of a 200 mL pipette several times to homogenize
cells. 5X SDS buffer was directly added into the extract and the
extract was completely denatured with boiling at 95 1C for 10 min.
Then, Western blotting was performed using standard procedures.
Tissue collected from at least 2 embryos was used for analysis of
each experimental group. Antibodies against phosphorylated
Smad1/5/8 (Cell Signaling Technology) and a-tubulin (Sigma) were
used for immunoblotting.
Quantitative analysis of de-epithelialization
For quantitative analysis, we analyzed the sections exhibiting
high electroporation efﬁciencies. The elecroporation efﬁciency
was determined by GFP expression, because the electroporated
DNA constructs have IRES-GFP. For the quantiﬁcation of de-
epithelialization, we measured percentage of sections exhibiting
de-epithelialization in all analyzed sections of an embryo. We
analyzed 7–28 sections per embryo. Data were presented as
averages7standard deviation and the Student’s t-test was per-
formed to determine signiﬁcance of differences. The criterion for
de-epithelialization was the appearance of greater than half of
GFP expressing cells inside of the lumen of the neural tube.Results
Cadherin-6B induced de-epithelialization is mediated by non-
canonical BMP signaling
In the neural tube, cadherin-6B induces de-epithelialization,
which is mediated by BMP signaling (Park and Gumbiner, 2010).
BMP signaling can be transduced either through the canonical
pathway dependent on transcriptional regulation by Smads or
through the non-canonical pathway independently of transcrip-
tional regulation by Smads (Massague, 2008; Miyazono et al.,
2010). To ask whether cadherin-6B induced de-epithelialization is
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examined the expression of downstream target genes of canonical
BMP signaling, MSX1/2 (Timmer et al., 2002). Ectopic cadherin-6B
expression induced de-epithelialization (Park and Gumbiner,
2010) (Fig. 1Ba–d), but not MSX1/2 expression in the neural tube
(Fig. 1Aa,b). The cadherin-6B overexpressing neural tube half lost
polarized tight junctions and adherens junctions at the lumen as
assessed by the distribution of ZO-1 (Fig. 1Ba,b) or N-cadheirn
(Fig. 1Bc,d), respectively. Also, GFP positive cells accumulated
within the lumen of the neural tube (Fig. 1Ba–d). However,Fig. 1. Canonical signaling via BMP type I receptor does not mediate de-epithelialization.
receptor, but not cadherin-6B. Both the constitutively active BMP Type I receptor A (CA-B
B (CA-BMPRIb) (n¼5 embryos, e and f) induce MSX1/2 (red) expression, in contrast to c
active BMP Type I receptor does not induce de-epithelialization. Ectopic cadherin-6B (C
N-cadherin (N-cad, red, c and d), but ectopic CA-BMPRIa does not (n¼13 embryos, e–h).
and asterisks indicate transfected (GFP positive) cells which accumulate inside of the lum
have an IRES-GFP (green) to mark the transfected cells. Scale Bar: 25 mm. (C) Ectop
phosphorylated Smad1/5/8 (P-smad1/5/8) was performed with embryos that were resp
construct (pCIG), respectively. Alpha-tubulin (a-Tub) is an internal control for Western
response to BMP4. Quantiﬁcation of the gel bands, normalized to the alpha-tubulin load
(1.2) or LIMK1 (1.6), Noggin (1.7), and BMP4 (4.8).MSX1/2 remained normally expressed only in the dorsal region
of the neural tube regardless of the ectopic cadherin-6B in the
lateral regions (Fig. 1Aa,b). In addition, we performed Western
blot analysis of phosphorylated Smad1/5/8 (P-Smads) with elec-
troporated embryos in order to observe whether cadherin-6B
activates canonical BMP signal. Ectopic BMP4 induced phosphoryla-
tion of Smad1/5/8 in the electroporated embryos (Fig. 1C). However,
ectopic cadherin-6B did not change the level of P-Smads, comparing
to control electroporation (pCIG) (Fig. 1C). Moreover, neither knock-
down of cadherin-6B (shRNA of cadherin 6B) nor functional(A) MSX1/2 are induced by ectopic expression of constitutively active BMP type I
MPRIa) (n¼13 embryos, c and d) and the constitutively active BMP Type I receptor
adherin-6B (Cad6B, n¼5 embryos, a and b). (B) Ectopic expression of constitutively
ad6B, n¼9 embryos) disrupts the polarized distribution of ZO-1 (red, a and b) and
Arrows indicate disruptions in the polarized distribution of ZO-1 (Ba) or N-cad (Bc)
en of the neural tube (Ba,c). Construct for cadherin-6B, CA-BMPRIa, or CA-BMPRIb
ic cadherin-6B does not induce phosphorylation of Smad1/5/8. Western blot of
ectively electroporated with cadherin-6B (cad6B), LIMK1, BMP4, Noggin, or control
blot of P-Smads. The phosphorylation level of Smad1/5/8 is upregulated only in
ing controls, indicate values relative to the pCIG control (1.0), ectopic cadherin-6B
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dorsal neural tube impaired endogenous MSX1/2 proteins expres-
sion (Fig. S1). It is known that constitutively active BMP type I
receptors can activate canonical BMP signaling in the neural tube
independently of BMP ligand (Timmer et al., 2002). Indeed, ectopic
expression of the constitutively active BMP type I receptor A or B
induced MSX1/2 in the neural tube (Fig. 1Ac–f). However, epithelial
polarity, judged by ZO-1 or N-cadherin distribution or by cell
accumulation in the lumen, was not disrupted by the constitutively
active BMP type I A receptor (Fig. 1Be–h). Therefore, canonical BMP
signaling is not sufﬁcient to induce de-epithelialization, and de-
epithelialization induced by cadherin-6B does not appear to activate
canonical BMP signaling.
BMP signaling can be transduced through a non-canonical
pathway mediated by the BMP Type II receptor (BMPRII) as well
as canonical pathway. Non-canonical signaling could either be
mediated by a pathway common to all TGFb family Type II
receptors, or by a speciﬁc BMPRII pathway, since the cytoplasmic
tail of BMPRII is unique among TGFb family Type II receptors. A
recent study showed that TGFb signaling mediates the EMT
through non-canonical signaling involving the Type II receptor
(Ozdamar et al., 2005). In this pathway, the Type II receptorFig. 2. De-epithelialization induced by cadherin-6B is not mediated by Par6, which is requ
Par6 (n¼3 embryos, a and d), S345A Par6 (a phosphorylation deﬁcient mutant of Par6,
n¼3 embryos, c and f). Nuclei were stained blue by To-Pro-3 (a–c). (B) De-epithelializat
ZO-1 is stained by red and the transfected cells are marked by IRES-GFP (green). Arrow
transfected cells which accumulate inside of the lumen of the neural tube (a–d). Cadh
PAR6 (n¼3 embryos), cadherin-6B/SE-PAR6 (n¼3 embryos), scale bar: 25 mm.phosphorylates Par6 and enhances the formation of Par6/Smurf1
complex, which disrupts tight junctions through the localized
degradation of RhoA. Importantly, S345A Par6, a phosphorylation
deﬁcient mutant of Par6, was found to inhibit TGF dependent
EMT (Ozdamar et al., 2005). In contrast, S345A Par6 did not block
the effects of cadherin-6B (Fig. 2). Therefore, a different pathway,
perhaps one speciﬁc to the BMPRII, may be involved.
The BMPRII has uniquely long cytoplasmic tail following the
kinase domain, which can interact with various cytoplasmic
mediators in order to transduce non-canonical BMP signaling
(Miyazono et al., 2010) A mutant of the BMP type II receptor
lacking the unique cytoplasmic tail but retaining the kinase
domain (shortBMPRII) has been shown to be a speciﬁc inhibitor
of non-canonical BMP signaling because the kinase domain
is still able to phosphorylate BMP Type I receptor and mediate
canonical signaling (Lee-Hoeﬂich et al., 2004; Nishihara
et al., 2002). Therefore, we asked whether the shortBMPRII affects
de-epithelialization induced by cadherin-6B. ShortBMPRII signi-
ﬁcantly reduced cadherin-6B induced de-epithelialization (Fig. 3).
Co-overexpression of shortBMPRII preserved the polarized locali-
zation of ZO-1 at the lumenal surface of neuroepithelial cells
which express ectopic cadherin-6B (Fig. 3Ac,f and B). However,ired for TGFb dependent EMT. (A) The polarity of ZO-1 is not disrupted by wildtype
n¼3 embryos, b and e), or S345E Par6 (a phosphorylation-mimic mutant of Par6,
ion induced by cadherin-6B was not affected by phosphorylation at Ser345 of Par6.
s indicate disruptions in the polarized distribution of ZO-1 and asterisks indicate
erin-6B (n¼4 embryos), cadherin-6B/WT-PAR6 (n¼3 embryos), cadherin-6B/SA-
Fig. 3. The cytoplasmic tail of the BMP Type II receptor is required for cadherin-6B induced de-epithelialization. (A) A mutant BMP Type II receptor lacking the cytoplasmic
domain C-terminal to the kinase domain (shortBMPRII) inhibits de-epithelialization induced by cadherin-6B. Ectopic cadherin-6B (Cad6B, red) disrupts of the polarized
distribution of ZO-1 (blue) on the luminal surface of the neural tube and induces the accumulation of GFP positive cells inside of the lumen of the neural tube (a and d). Co-
overexpression of shortBMPRII inhibited de-epithelialization induced by cadherin-6B (c and f). Wild-type BMP Type II receptor (FL-BMPRII) did not affect de-
epithelialization (b and e). IRES-GFP (green) marks the transfected cells. The percentage of examined sections per embryo exhibiting de-epithelialization (see materials and
methods) is shown as the mean7s.d. in (B). 9–28 Sections per embryo were used for the analysis (Cad6B; 93.179.96%, n¼8 embryos, Cad6B/FL-BMPRII; 91.278.19%,
n¼9 embryos, Cad6B/shortBMPRII; 48.6735.09%, n¼16 embryos). The same results are presented in two ways, single bar graph and points graph. *; Po0.0013, scale bar:
25 mm.
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did not affect de-epithelialization induced by cadherin-6B, pre-
sumably because it can still mediate non-canonical signaling and
endogenous FL-BMPRII is enough for de-epithelialization induced
by ectopic cadherin-6B (Fig. 3Ab,e and B). Although FL-BMPRII isable to mediate non-canonical signaling activated by cadherin-6B,
FL-BMPRII alone did not induce de-epithelialization (Fig. S2). The
ectopic expression of shortBMPRII did not decrease the endogen-
ous expression of MSX1/2 in the dorsal neural tube (Fig. 4A), nor
inhibit phosphorylation of Smad1/5/8 induced by ectopic BMP4 in
Fig. 4. Short BMP Type II receptor does not inhibit canonical BMP signaling. (A) Short
BMP Type II receptor (shortBMPRII, n¼4 embryos) does not affect endogenous
expression of MSX1/2 (red) in the dorsal neural tube. Immuohistochemistry of
MSX1/2 was performed with sections co-overexpressing cadherin-6B/short-
BMPRII. (B) Smad6, inhibitory Smad, downregulates the endogenous expression
of MSX1/2 (n¼3 embryos). The transfected cells are marked by IRES-GFP (green)
of the electroporated constructs. Nuclei were stained blue by To-Pro-3 (Topro,
blue in B). Scale bar: 25 mm. (C) ShortBMPRII does not block phosphorylation of
Smad1/5/8 in response to BMP4. Western blot of phosphorylated Smad1/5/8 (P-
smad1/5/8) was performed with embryos electroporated with control vector
(pCIG), BMP4, BMP4/shortBMPRII, or BMP4/Noggin. Alpha-tubulin (a-Tub) is an
internal control for Western blot of P-Smads. Co-overexpression of Noggin with
BMP4 totally blocked phosphorylation of Smads induced by BMP4,but co-over-
expression of shortBMPRII did not.
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does not interfere with canonical BMP signaling. Therefore, non-
canonical BMP signaling as well as the long BMPRII cytoplasmic
tail are involved in de-epithelialization induced by cadherin-6B.
De-epithelialization induced by cadherin-6B or BMP is mediated by
the LIM kinase/coﬁlin pathway
Non-canonical BMP signaling has been found to be transduced
through several different mediators including LIM kinase 1
(LIMK1), Trb3 and Src, dependent on cellular context (Chan
et al., 2007; Foletta et al., 2003; Hassel et al., 2004; Lee-Hoeﬂich
et al., 2004; Miyazono et al., 2010; Wong et al., 2005). LIMK1 is
expressed in most tissues of the developing embryo including the
neural tube (Foletta et al., 2004). The activity of LIMK1 bound to
cytoplasmic tail of BMP Type II receptor is regulated non-canonically by BMP (Foletta et al., 2003; Lee-Hoeﬂich et al.,
2004) and the primary role of LIMK1 is to phosphorylate coﬁlin
in order to regulate actin dynamics (Arber et al., 1998; Yang et al.,
1998) as a mechanism to change cell morphology and/or migra-
tion. Therefore, we examined whether LIMK mediates cadherin-
6B induced de-epithelialization in the neural tube. Ectopic
expression of LIMK1 induced de-epithelialization of the neural
epithelial cells of the neural tube (Fig. 5). The polarity of ZO-1 was
disrupted at the luminal surface of the neural tube and GFP
expressing cells (LIMK1-IRES-GFP) accumulated in the lumen
(Fig. 5Ab,e). These effects were very similar to those induced by
cadherin-6B (Fig. 1Ba–d and 3Aa,d) or BMP (Fig. 7Aa,e). Further-
more, dominant negative LIMK1 (DN-LIMK1), which is an inactive
kinase form of LIMK1 and also behaves as a dominant negative,
inhibited de-epithelialization induced by cadherin-6B (Fig. 5Ac,f
and B). Therefore, LIMK1 appears to mediate cadherin-6B induced
de-epithelialization in the neural tube. We also tried to determine
whether de-epithelialization by LIMK1 occurred in functional
association with the BMPRII. ShortBMPRII, the speciﬁc blocker
of non-canonical BMP signaling, partially inhibited de-epithelia-
lization induced by LIMK1 (Fig. 6). This suggests that LIMK1 may
normally be regulated through binding to the tail of BMPRII, but
still has some de-epithelialization activity on its own when
expressed at high levels due to unregulated activity.
De-epithelialization is induced by BMP as well as cadherin-6B
in the neural tube (Fig. 7Aa,e). Therefore, we also examined
whether the de-epithelialization induced by BMP is mediated by
LIMK1. As expected, Noggin, an extracellular BMP antagonist,
inhibited de-epithelialization induced by BMP4 (Fig. 7Ad,h and B).
Importantly, both the shortBMPRII and DN-LIMK1 inhibited de-
epithelialization induced by BMP4 (Fig. 7Ab,f,c,g and B). There-
fore, it is likely that the effect of BMP on de-epithelialization of
the neural tube is mediated by a LIMK1-dependent non-canonical
BMP signaling pathway.
Coﬁlin and actin-depolymerizing factor (hereafter, together
called coﬁlin) mediate LIMK signaling and play fundamental roles
in actin dynamics (Arber et al., 1998; Wang et al., 2007; Yang
et al., 1998). The actin ﬁlament severing activity of coﬁlin is
reversibly regulated through phosphorylation and dephosphory-
lation on Ser3. Phosphorylation on Ser3 mediated by the LIMK
family, including LIMK1/2, inhibits coﬁlin and de-phosphorylation
of coﬁlin by the Slingshot family of phosphatases reactivates
coﬁlin (Wang et al., 2007). Therefore, we examined whether
coﬁlin is involved in de-epithelialization induced by cadherin-
6B or LIMK1. S3A coﬁlin1, a phosphorylation-defective mutant of
coﬁlin1 was co-overexpressed with either cadherin-6B or LIMK1.
Co-overexpression of cadherin-6B and S3A coﬁlin1 was checked
with the co-immunohistochemistry of cadherin-6B and HA
(Fig. S3). S3A coﬁlin1 completely inhibited de-epithelialization
induced by LIMK1 (Fig. 8Ab,d and B). De-epithelialization induced
by cadherin-6B was also signiﬁcantly inhibited by S3A coﬁlin1
(Fig. 8Cb,d and D). Therefore, coﬁlin appears to act downstream of
LIMK in the induction of de-epithelialization by cadherin-6B and
LIMK, and phosphorylation of coﬁlin is required for the de-
epithelialization.
We then examined whether cadherin-6B can stimulate the
phosphorylation of coﬁlin in the neural tube. We were not able to
observe any increase in the levels of phospho-coﬁlin biochemi-
cally using immunoblotting of lysates of dissected embryonic
tissue from embryos electroporated with cadherin-6B constructs
(not shown). However, we believe that it is very difﬁcult, if not
impossible, to detect increased phosphorylation over the back-
ground of endogenous phosphorylated coﬁlin, because only a
small portion of each neural tube is transfected by electropora-
tion, and it is difﬁcult to dissect neural tubes away from other
tissues, which also may have endogenous phosphorylated coﬁlin.
Fig. 5. LIMK1 acts downstream of cadherin-6B to induce de-epithelialization. (A) Ectopic LIMK1 expression induces de-epithelialization and dominant negative LIMK1
(DN-LIMK1) inhibits de-epithelialization induced by cadherin-6B. The transfected cells are marked by IRES-GFP (green) of the cadherin-6B (Cad6B) or LIMK1 expression
constructs. Cadherin-6B expression is shown with immunostaining in red and the polarized distribution of ZO-1 (blue) delineates the luminal surface of the neural tube. The
percentage of examined sections per embryo exhibiting de-epithelialization (see materials and methods) is shown as the mean7s.d. in (B). 13–21 Sections per embryo were
used for the analysis (Cad6B; 86.277.05%, n¼6 embryos, LIMK1; 96.975.34%, n¼7 embryos, Cad6B/DN-LIMK1; 20.4717.05%, n¼5 embryos). *; Po0.001, scale bar: 25 mm.
Fig. 6. Non-canonical BMPRII signaling is required for de-epithelialization induced by LIMK1. (A) Uncoupling LIMK1 from BMPRII using tailless shortBMPRII reduces LIMK1 induced
de-epithelialization. The polarized distribution of ZO-1 (red) represents the apical surface of the neural epithelial cells. The percentage of examined sections per embryo
exhibiting de-epithelialization (see materials and methods) is shown as the mean7s.d. in (B). 13–19 Sections per embryo were used for the analysis (LIMK1; n¼7 embryos,
LIMK1/shortBMPRII; n¼7 embryos). IRES-GFP (green) marks the transfected cells. Nuclei were stained blue by To-Pro-3 (Topro, Aa,b). *; Po0.032, scale bar: 25 mm.
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coﬁlin. Ectopic expression of LIMK1, which is known to directly
phosphorylate coﬁlin, stimulated immunostaining of phosphory-
lated Ser3 coﬁlin in transfected (GFP expressing) portions of the
neural tube (Fig. 9A and B, 6 out of 6 embryos). The phosphory-
lated coﬁlin immunostaining was observed as pattern of spots or
aggregates, similar to previous ﬁndings (Bravo-Cordero et al.,
2011; Zhang et al., 2011), This indistinct pattern is presumably
due to the fact that phosphorylated coﬁlin is the free non-actin
associated form and cytosolic proteins are difﬁcult to ﬁx, especially
in tissue prepared for cryosectioning. Importantly, ectopic cadherin-
6B also increased immunostaining of phosphorylated coﬁlin in
transfected (GFP expressing) portions of the neural tube (Fig. 9C
and D) with a clear and consistent increase in the appearance of
positive spots or aggregates over background samples (in both
control embryos or unelectroporated neural tube halves) in 6 outof 6 embryos. In contrast to LIMK1 and cadherin-6B, N-cadherin and
dominant negative cadherin-6B (DN-cad6B, glycosyl-phosphatidyli-
nositol (GPI)-cadherin-6B), which do not induce de-epithelialization
(Park and Gumbiner, 2010), did not increase immunostaining of
phosphorylated coﬁlin (Fig. 9E and H). Therefore, these results
suggest that cadherin-6B speciﬁcally stimulates the LIMK/coﬁlin
pathway to induce de-epithelialization of the neural tube.
Cadherin-6B-induced LIMK1-dependent non-canonical BMP pathway
stimulates the overall EMT of the neural crest
De-epithelialization provides a very robust assay to measure
the activities of molecules that contribute to the ﬁrst step of the
EMT, but it is important to ask whether this cadherin-6B stimu-
lated pathway actually promotes the overall EMT. We previously
found that the EMT of the endogenous neural crest depended in
Fig. 7. LIMK mediated non-canonical signaling through BMP Type II receptor is required for de-epithelialization induced by BMP4. (A) BMP4 induced de-epithelialization is
inhibited by co-overexpression of shortBMPRII, DN-LIMK1, or Noggin. The distribution of ZO-1 (red) represents the polarized apical surface of the neural tube. The
percentage of examined sections per embryo exhibiting de-epithelialization (see materials and methods) is shown as the mean7s.d. in (B). 7–27 Sections per embryo were
used for the analysis (BMP4; 97.375.96%, n¼5 embryos, BMP4/shortBMPRII; 52.4712.39%, n¼4 embryos, BMP4/DN-LIMK1; 17.1714.21%, n¼6 embryos; BMP4/Noggin;
25.0725.00%, n¼3 embryos). IRES-GFP (green) marks the transfected cells. Nuclei were stained blue by To-Pro-3 (Topro, Aa–d). *; Po0.0002, **; Po0.0001, ***;
Po0.0007, scale bar: 25 mm.
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2010). However, neither cadherin-6B nor BMP expression can induce
full ectopic delamination of cells from the neural tube, because other
factors are required in addition to de-epithelialization (Park and
Gumbiner, 2010). Interestingly, slug is a transcription factor thought
to be involved in the EMT in a variety of tissues, but it can only induce
ectopic delamination in the neural tube when it is co-expressed with
SOX9, another transcription factor that provides competence for the
EMT (Cheung et al., 2005; Park and Gumbiner, 2010). Similarly, we
observe that co-overexpression of cadherin-6B and SOX9 induced
robust ectopic delamination in the neural tube (Fig. 10Ba,c). Laminin
delineates the basement membrane of the neural tube, and cells
expressing cadherin-6B/SOX9 cross the basement membrane to exit
the neural tube (Fig. 10Ba,c). Ectopic BMP4 by itself only inducesde-epithelialization in the neural tube (Fig. 7Aa,e), but BMP4 is also
able to induce ectopic delamination when co-expressed with SOX9
(Fig. 10Aa,b). In contrast, dominant negative cadherin-6B (DN-cad-
herin-6B), which does not induce de-epithelialization (Park and
Gumbiner, 2010), does not induce ectopic delamination when co-
overexpressed with SOX9 (Fig. 10Ca,b). These ﬁndings support our
previous conclusion that de-epithelialization is the ﬁrst step of the
overall EMT of the neural crest (Park and Gumbiner, 2010). Impor-
tantly, LIMK1 also induced robust ectopic delamination when co-
overexpressed with SOX9 (Fig. 10Bb,d). Cells de-epithelialized with
ectopic Cadherin-6B (Park and Gumbiner, 2010) or LIMK1 without
SOX9 (Fig. S4) do not express HNK-1 or cadherin 7 which are markers
of the migrating neural crest cells. However, co-overexpression of
SOX9 along with cadherin-6B or LIMK1 induces HNK-1 in GFP
Fig. 8. Coﬁlin mediates de-epithelialization induced by LIMK1 or cadherin-6B. (A) De-epithelialization induced by LIMK1 is inhibited by S3A mutated coﬁlin (S3A-Coﬁlin).
Ectopic expression of S3A coﬁlin is conﬁrmed by HA staining (red). The percentage of examined sections per embryo exhibiting de-epithelialization (see methods) is shown
as the mean7s.d. in (B). 13–24 Sections per embryo were used for the analysis (LIMK1; 92.579.57%, n¼4 embryos, LIMK1/S3A-Coﬁlin; 0.771.89%, n¼7 embryos). (C)
De-epithelialization induced by cadherin-6B (Cad6B, red) is partially inhibited by S3A coﬁlin. The percentage of examined sections per embryo exhibiting de-
epithelialization (see materials and methods) is shown as the mean7s.d. in (D). 8–24 Sections per embryo were used for the analysis (cad6B; 95.277.08%, n¼4 embryos,
cad6B/S3A-Coﬁlin; 56.1718.27%, n¼6 embryos). The epithelial polarity of the neural tube is shown by the polarized distribution of ZO-1 (blue). The transfected cells are
marked by IRES-GFP (green) of the electroporated constructs. *; Po0.004, scale bar: 25 mm.
Fig. 9. Cadherin-6B stimulates phosphorylation of Coﬁlin. Phosphorylation of coﬁlin was analyzed with immunohistochemistry (red). Ectopic expression of LIMK1 (A and B, 6
out of 6 embyos) and cadherin 6B (C and D, 5 out of 5 embryos) increases phosphorylation of coﬁlin at Ser3. Arrows indicate positive staining of phosphorylated coﬁlin.
However, neither ectopic expression of dominant negative cadherin-6B (DN-Cad6B, E and F, 3 out of 3 embryos) nor N-cadherin (N-cad, G and H, 5 out of 5 embryos,) show
phosphorylated coﬁlin positive staining. IRES-GFP (green) marks the transfected cells. Nuclei were stained blue by To-Pro-3 (Topro, blue in Ba,b). Scale bar: 25 mm.
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GFP positive cells (Fig. 10Da,b,d,e), similarly to expression of SOX9
alone (Cheung and Briscoe, 2003). Therefore, de-epithelialization
induced by LIMK1-dependent non-canonical BMP signaling appears
to contribute to the overall EMT similar to de-epithelialization
induced by cadherin-6B or BMP in the neural tube. Thus, in the
appropriate context, the cadherin-6B stimulated noncanonical BMPR-
LIMK pathway promotes the full EMT and delamination of migratory
neural crest.Discussion
We previously provided evidence that cadherin-6B expression
in the trunk premigratory neural crest promotes the initial step in
the EMT neural crest by triggering a de-epithelialization of the
neuroepithelial cells in the dorsal neural tube (Park and
Gumbiner, 2010); and we discussed the differences from the
alternate reported role of cadherin-6B in cranial neural crest
(Coles et al., 2007; Taneyhill et al., 2007). Importantly, we found
Fig. 10. De-epithelialization induced by cadherin-6B or LIMK1 contributes to ectopic delamination. (A–C) Ectopic expression of SOX9 along with BMP4 (A, 3 out of 3 embryos),
cadherin-6B (B, Cad6B, 9 out of 9 embryos), or LIMK1 (B, 7 out of 7 embryos) induces ectopic delamination. As a control, co-expression of dominant negative cadherin-6B
(DN-Cad6B) and SOX9 does not induce ectopic delamination (C, 3 out of 3 embryos). The basement membrane is delineated by laminin staining (red in B or blue in A and
C). Arrows indicate the cells which have undergone ectopic delamination (Aa, Ba,b). (D) HNK-1, a marker of the migrating neural crest cells, is expressed in GFP positive
neuroepithelial cells after ectopic expression of SOX9 along with cadherin-6B (a,d, 7 out of 7 embryos), LIMK1 (b,e, 9 out of 9 embryos), or DN-Cad6B, (c,f, 3 out of
3 embryos), regardless of ectopic delamination, similarly to expression of SOX9 alone (Cheung et al., 2003). Closed arrow heads indicate endogenous migrating neural crest
cells expressing HNK-1. Open arrow heads indicate GFP positive neuroepithelial cells expressing HNK-1. IRES-GFP (green) marks the transfected cells. Nuclei were stained
blue by To-Pro-3 (Topro, blue in Ba,b). Scale bar: 25 mm.
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adhesive role of cadherin-6B, but rather due to its local stimula-
tion of BMP receptor signaling, independent of the ligand, BMP. In
this study, we conﬁrm and extend these ﬁndings on cadherin-6B
induced BMP receptor signaling in de-epithelialization. We found
that it does so via a known BMP Type II receptor-mediated non-
canonical pathway. This non-canonical BMPRII pathway is stimu-
lated by both cadherin-6B and BMP and involves LIMK phosphor-
ylation of the actin severing protein coﬁlin, similar to a pathway
that has previously been found to mediate the effects of BMP on
the actin cytoskeleton (Foletta et al., 2003; Lee-Hoeﬂich et al.,
2004). Importantly, we also ﬁnd that LIMK signaling, as well as
cadherin-6B and BMP, can promote neural crest cell delamination
from the neural tube when co-expressed with SOX9, a transcrip-
tion factor that enables neural crest delamination in other con-
texts (Cheung et al., 2005; Park and Gumbiner, 2010), indicating
that this non-canonical pathway is involved in the overall EMT.
In our previous study, we initially detected cadherin-6B
induced BMP signaling via the BRE-lacZ reporter assay, and then
demonstrated the requirement for BMP signaling in de-epithelia-
lization using inhibitors of BMPR signaling (Park and Gumbiner,
2010). However, we now show that de-epithelialization does not
appear to involve the induction of Smad-dependent BMPR targetgenes, since factors that induce de-epithelialization do not turn on
the known BMP canonical target genes, MSX1/2, nor does activation
of Smad-dependent target genes by constitutively active Type I
receptor cause de-epithelialization. Also cadherin-6B or LIMK1 does
not induce Smads phsophorylation, nor does shortBMPRII, which
inhibits de-epithelialization, block phosphorylation of Smads in
response to BMP4. We previously observed that Smad6 inhibits
de-epithelializtion induced by cadherin-6B (Park and Gumbiner,
2010). Smad6 or Smad7 are known to interact with Smurf2 to
mediate downregulation of BMP/TGF-b receptors complexes
(Kavsak et al., 2000), and this downregulation of BMPRs complex
might inhibit non-canonical BMP signaling as well as canonical. We
do not know why cadherin-6B induces the BRE-lacZ reporter; it is
either due to an indirect effect, a nonspeciﬁc effect, or else the non-
canonical BMPR pathway may be able to indirectly regulate the
expression of some genes in addition to regulation of the actin
cytoskeleton via LIMK-coﬁlin.
Several non-canonical, Smad-independent BMP and TGFb
signaling pathways have been described that could potentially
regulate the cytoskeleton and/or de-epithelialization. One that
seemed particularly relevant to the neural crest EMT is the ﬁnding
that TGFb can induce the EMT in cultured tumor epithelial cells
via a direct cytoplasmic pathway involving par6 (Ozdamar et al.,
Fig. 11. A model for how interactions between cadherin-6B and activation of BMPRII/
LIMK signaling regulate junction stability through coﬁlin regulation of actin dynamics.
Cadherin-6B activates non-canonical BMP signaling mediated by BMPRII. The
activated non-canonical BMP signaling regulates coﬁlin dynamics through LIMK.
Actin dynamics regulated by coﬁlin might play a role in regulation junction
stability. In the neural crest, cadherin-6B plays a role not only in the intercellular
adhesions, but also in the local regulation of the intracellular signaling in order to
integrate outside/inside signals between neighbors.
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necessary for the localized ubiquitinylation of RhoA to induce
TGFb dependent dissolution of tight junctions in the EMT. How-
ever, a dominant negative inhibitor of this pathway had no effect
on cadherin-6B induced de-epithelialization. Moreover, we found
a requirement for the unique cytoplasmic domain of the BMPRII,
which is not found in TGFb receptors. Because non-canonical
BMPRII signaling through LIMK1 has been found to have a role in
regulation of the cytoskeleton (Foletta et al., 2003; Lee-Hoeﬂich
et al., 2004), this pathway was a good candidate for regulation of
de-epithelialization, which must involve re-organization of the
cytoskeleton in some way. Indeed, we found strong evidence that
cadherin-6B or BMP induced de-epithelialization depends in part
on LIMK and its substrate coﬁlin. Other molecules have been
found to interact with the long cytoplasmic domain of BMPRII,
including Trb3 (Chan et al., 2007) and Src (Wong et al., 2005), and
have also been proposed to mediate non-canonical BMPRII
signaling. Our data strongly implicated the better-known LIMK-
coﬁlin pathway, but we cannot exclude that these other factors
might also play a partial role, since DN-LIMK and mutant coﬁlin
did not completely inhibit de-epithelialization by cadherin-6B.
Other factors, that are induced by BMP signaling in the neural
tube and play a role in EMT of the neural crest, might also play a
role in de-epithelialization mediated by non-canonical BMPRII
signaling. RhoB is one such factors (Cheung et al., 2005; Liu and
Jessell, 1998). However, we observed that dominant negative
RhoB did not inhibit de-epithelialization induced by cadherin-
6B (data not shown). The mechanism of de-epithelialization
induced by cadherin-6B/LIMK might function in parallel with a
RhoB dependent mechanism of EMT of the neural crest in chick.
It is not yet clear how cadherin-6B activates BMPRII-dependent
LIMK1 signaling. There have been differing reports on how LIMK1
might be regulated in non-canonical BMP signaling via BMPRII
(Foletta et al., 2003; Lee-Hoeﬂich et al., 2004). One study has shown
that the catalytic activity of LIMK1 is inhibited by its binding to
BMPRII (Foletta et al., 2003). PAK4, one of the LIMK1 activators
cannot activate LIMK1 because BMPRII binds LIMK1. However, BMP
treatment induces dissociation of LIMK1 from the LIMK1/BMPRII
complex and the free LIMK1 is activated by PAK. In contrast, another
study has reported that binding of LIMK1 to the c-terminal tail of
the BMPRII activates LIMK1, because the binding blocks LIMK1
intramolecular interaction between LIM domains and the kinase
domain which negatively regulates LIMK1 (Lee-Hoeﬂich et al.,
2004). After BMP treatment, the bound LIMK1 is further activated
by Cdc42 which is activated by BMP. In either case, the interaction
between LIMK1 and BMPRII is required for the regulation of LIMK1
activity in non-canonical BMP signaling. It is possible therefore, that
cadherin-6B positively regulates the functional or physical interac-
tion between LIMK1 and BMPRII independent of BMP and facilitates
formation of the LIMK1/BMPRII activation complex. Importantly,
ectopic BMPRII did not induce de-epithelialization without cad-
herin-6B. It is likely that BMPRII-LIMK1 signaling is dependent on
cadherin-6B. It is also possible that the cytoplasmic tail of cadherin-
6B plays a role in the activation of BMPRII/LIMK1 signaling, because
dominant negative cadherin-6B lacking cytoplasmic tail does not
induce de-epithelialization (Park and Gumbiner, 2010). Of course,
any mechanism must take into account that it is a cadherin speciﬁc
function, as N-cadherin does not activate this pathway.
Through its regulation of actin ﬁlament severing, coﬁlin plays
many different important roles in morphogenesis and cell migra-
tion, including many events in the neural tube and the neural
crest (Gurniak et al., 2005). Active coﬁlin severs actin ﬁlaments
resulting in forming free barbed ends in order to induce actin
polymerization at the new free barbed ends. Since phosphoryla-
tion of coﬁlin by LIMK1 inhibits its actin severing function, the
question arises as to how coﬁlin inactivation could be required forcadherin-6B induced de-epithelialization in the neural tube. One
possibility is that local changes in actin dynamics at the cell
junctions could have roles in junction stability and thereby
epithelial polarity (Fig. 11). For example, it has been reported
that Par3, a polarity protein inhibits LIMK2 and promotes tight
junction assembly, and that S3A phosphorylation deﬁcient
mutant of coﬁlin can restore tight junctions in Par3 knockdown
cells (Chen and Macara, 2006). It is also known that coﬁlin
dynamics is linked to tight junction stability (Nagumo et al.,
2008). More recently, it was reported that knockdown of coﬁlin
disturbs E-cadherin dependent adhesion in the zebraﬁsh embryo
(Lin et al., 2010). In more general terms, the spatial and temporal
regulation of coﬁlin activity is essential for the polarity and
directional migration of cells (Mouneimne et al., 2006; Wang
et al., 2007; Zhang et al., 2011). De-epithelialization is a complex
process involving many aspects of cell organization and behavior,
which can be mediated by actin dynamics in numerous ways.
Phosphorylation of coﬁlin by LIMK1 could interfere with the
maintenance of epithelial polarity and thereby cause de-epithe-
lialization as the ﬁrst step in the EMT.Conclusions
Overall our ﬁndings provide an explanation for how a speciﬁc
cadherin, which is normally expected to support the formation of
polarized epithelia, could speciﬁcally induce de-epithelialization.
Cadherin-6B does so by inducing a speciﬁc cytoplasmic signaling
pathway, the noncanonical BMPR-LIMK pathway, that regulates
the organization of the actin cytoskeleton and presumably dis-
rupts cell junctional polarity. Furthermore, in the proper context,
stimulation of the noncanonical BMPR-LIMK pathway by either
cadherin-6B or BMP can mediate the full neural crest EMT.Acknowledgments
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